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Substrate/oxide interface interaction in LaAlQ4/Si structures

T. Busani' and R.A.B. Devine
AFRL-VSSE, Kirtland Air Force Base, Albuquerque, NM 87117
Yalso with Université Joseph Fourier, Grenoble, France

ABSTRACT

Amorphous lanthanum aluminate films (LaAlO3) were deposited on Si substrates at room
temperature using rf sputtering in pure Ar or an Ar/O; mixture with a stoichiometric target. The
film composition was analyzed using XPS and EDX. The evolution of the material resulting
from annealing at temperatures in excess of 900 °C was studied using infrared spectroscopy,
XPS profiling and AFM. We obtain clear evidence for in-diffusion of Si from the substrate into
the dielectric film. FTIR analysis showed only one peak centered at 747 em™ with an FWHM of
185 cm for as-deposited samples indicating an amorphous structure. Annealed samples showed
very narrow absorptions at 483-510, 607, 695-720 and 811 cm™'. No evidence for $i0, peaks at
~1960 cm™" was observed suggesting that the LaAlOjs structure tends not to reduce into a mixture
of 8i0; and a silicide. Short time annealing at 1000 °C results in a broad band at 905 em™' which
can be interpreted in terms of the formation of a layer rich in Si-O-La bonds. Nitridation of the
substrate before oxide deposition and annealing slows the degradation process but does not
suppress it, X-ray diffraction analysis of the annealed films indicates a very oriented crystalline
structure, yet unidentified, whose direction depends upon the orientation of the Si substrate. The
dielectric constant in both annealed and as-deposited films was measured to be less than 14 and
the leakage current density was very low. Some mobile charge was detected. This dielectric
constant is substantially less than the value ~ 25 anticipated from bulk, single crystal
measurements.

INTRODUCTION

The dramatic expansion in technology and the communications market, including the one
associated with high performance microprocessors as well as low-static power applications such
as wireless systems [1], has driven industry to require greater integrated circuit functionality and
performance at lower costs. This means an increase in circuit density for each Si wafer [2].
Obviousiy, device channel length and the SiO; gate dielectric thickness must decrease.

However, SiO; layers thinner than ~ 1.3 nm have excessive leakage current (> 1 Adem?) simply
due to direct tunneling through the oxide, and this is far too large for future circuits [3].
Unfenunate}y, the Semiconductor Industry Association road map indicates that a sub-1 nm
effective oxide thickness (EOT) will be required for complementary metal-oxide-semiconductor
(CMOS) devices with 50 nm gate widths so a dilemma exists.

An acknowledged solution (in principal) to the leakage current issue is to maintain the
8ate capacitance by increasing the dielectric constant (k) of the oxide and simultaneously thicken
1L Though it is unlikely that the alternative oxide will have the excellent leakage properties of
thermally grown SiO,, a compromise may exist. Many materials acknowledged as “high-k”,
have been proposed in the last few years. They must satisfy a variety of criteria, such as
thermodynamic stability in contact with the Si channel, potential barriers o both electron and
hole Injection from the substrate/inversion layer, low leakage, etc. Amongst the most commonly
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stundied materials were ALO. TasOy and SrTi0y, because they have a diclectric consiant running
from 9 to 80 and o band gap Mrom 3.2 10 8.8 [4-3], Interfacial reaction, resulting in the Tormarjay,
of 510; or some low-k laver, has been observed in the case of Tax0son Si (6] and ina Ta.0,
sandwich [7]. Forthermore, the Barier height to carrier injection is estimated 1o be rather _‘>||'i;|||
(0.5 eV AlLD; is potentially an attractive short term solution because of its relatively low
diglectrie constant (- 9 but studies of ALO, deposited on SiC 1007 a1 temperatures below 400 2
[8] show evidence of an Aluminum silicate phase Tormed at the interface with 51, Because of
this, an alternative gate dielectric necds to be found for a long-ten industry solution.

LaAlld has been investigated as an allernative die swince 0 ix known that the L0y
bonds in the metal oxide are strongly polarizable resulting in an increased diglectne constant,
The crystalling phase of LaAlCh has k- 28 and a band gop of 5.6 ¢¥ [3]. Many studies have
demonstrated that it is possible o depesit LaAlO; layvers of several nm onto 5i with good
ifferent techniguees [9-10]. The film s usoally, however, amorphous,
temperature (ZH00°C)L Same of the

clectrical properies wsan

All these depositions were carmied out at relatively
films were recryatallized ex-zito.

In the present work we analyze in detail the effects of temperature on films deposiced
initially al room wemperature, We demonstrate that it is not possible to abtain o desired
crvatalling phase for LaAlCys from this stating point.

EXPERIMENTS

pr- type SICIO0) 3-5 ohmfem resistivity wafers were first rinsed in pure HF acid then
Blown dry, Thin iLagAl 00 were deposited al room temperature by sputlering from a
pelverystalling LaAlCh target using 2 13,56 MHz radio frequency (rf) sputtering source {TOR1S
23 with an Ar 'Cl- gas mixture. The chamber pressure was 10 mTorr and the gas flow rates wese
sel respectively at 75 scem and 5 seem. To optimise the s stodchiometry ol the deposined Olems the
typical of power was 60 W 9], calculations of te sputtening vield indicated that 1his power was
appropriate for equal sputtering races of the La and Al Under these conditions {La Al 020
[lms wers obtaimed with x=06 as detenmined by s-ray photoelectron spectroscopy (XPS)
profiling and electron microscopy spectroscopy (EDS ) measurements.. The rate of deposition of
the film was typically 1.4 nmdmie, typical film thicknesses studieel were ~ TG um. A secend set
of samples was ;uvp'u'rcl imn the same conditions, bat initally the 51 surface was exposed tooan N;
plasma excited at 2,45 GHz . Such exposure is known o generate an wlira-thin 51N Tayer,
probably less than a mono-laver. The (La, Al o0y thickness and refractive index (n) for all
films was determined using single wavelength (632.8 nm) ellipsometry, the thickness was
confirmed by comparison ol the Fourier Transform Infrared (FTIR) absorption and compansen
with preceding work [9]. Surface analysis and roughness was carried out using an Autoprobe CF
Atomic Force Mictoscopy [AFM] in a non-contact mode. The Torce used was 13,6 aN with a
scanning speed of 2He, Capacitance-Vollage (C-V] curves w £re Measures I at 100 KHz wsing a
Keithley 90 system after deposition of Al dots of (L0078 cm® on the dielectric surface. The back
face of the wafer was metallized to ensure good clectrical contact. Prior 10 electrode depasition
the walers were cleaved and some samples were subjected to rapid thermal annealing belween
QO 1o FOXKD 7 for 1o 5 min. in Nz or N:z1; annm]*hﬁrc& in an attempl (o minimize La and Al
interactons with the silicen substrate, Finally Xoray diffraction imensity data was ohiained in
0.027 step interval in the 28 rnge between 1O and 80° with a measurement time of 1.2 sec. A
Curel sounrce was used.




RESULTS AND DISCUSSION

LaAlQ; has a ideal perovskite cubic structure Podm which presents three dominant 1R
active modes; vy corresponds 1o stretching of 0 atoms along the ALO-Al line, vz is perpendicular
to this line, and v is the Ta ranslation respect to Al and O atoms. This crvstal is tvpically
presented as a thombahedral deformation with twe arrangements for the fundamental cell (space
group Rim}. The octahedral A0, are quite regular with an Al-D lemgth of 0190 nm, the bond
length of La-C3 is 0025 s [11]. We cbserve that the bond foree constants for La-0 and La-Al
are weak compared to A-O in the A0, octahedra, This hilps us 1o separate 1the vibrational
masles inte fntermal, when we considered the movements of Alor O in the Ay, cell, and
external, related o the La movemeni respect 10 Al octahedrs. Since the crystal symmetey is
loweer, same IR inactive modes become active and new vibrations may appear in the spectia. An
example is the vy vibration which is predicied o be split into two peaks depending upon crystal
deformation. Saine et al [11] give the relation of the Al modes among cubic, thombahedeal
and isolated structures,

In Figure la we show typical absorbance IR spectra of the room emperatare deposited [lms.
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Figure 1a. Normal incidence absorbance IR Figure 1h. Normal incidence absorbance IR '
spectra of (La, Al 0 deposited on g S spectra of (La,AlL )0 deposited on a
watfer. The solid line refers to as-deposited previously nitrided 57 wafer. The solid line 4
oxide, the dotted line is after annealing at 950 refers 1o as-deposited oxide, the dotred line is :
“Cin an Ny atmosphere for [ min. and the for the sample after annealing @ 950 °C in N,
square dlashed line is alter annealing at 1000 °C atmosphere for 1 min, and the square dashed
for 1 min. line is for a sample annealed at 1000 °C far |
P
Inn,

The solid line is representative of the as-deposited oxide and shows one intense peak zt 747 cm'!
@nd a very small peak around 1050 cm™ The latter is duc to the formation of an initial $i0: layer
during ignition of the Ar and O plasma. The evidence of an amorphous stnecture is confinmed
by the full width at half maximum (FWEHM) of 185 con' of the main peak. One can very crudely
approximate:
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where vis the vibration mode requency ina 8-0 modecule (8 Teing Al or Lad expressed in gy

xr

LI=( 1

mgHnig) 15 the reduced mass, me and mg are the atomie weight in K of cation &
] &= ok

¢ 4 : i . and
anien O, f= 1740 15 the stretching force cons

tant and ¢ is the S0 length. We can estimae the
theoretical frequency in the pure, binary glasses G:05using the bond lengths for La-0 and Al
[12-13] We find that the stretching modes are respectively at 335 and 778 cm™. From eq. i1,
the wave number ol the vib

aion is inversely proportional o the value ol the reduced mass, Iy
conscquence, we can concluede that the presence of La in LaAl s glass probably Tas the effee o
mawing the 1R spectra o lower frequencies than that for pure AL which s consistent with (he
result for the amerphous phase shown i Figure La

The dered line in Figure Ta shows a pvpical IR absorbance spectra for 2 sample annealed
at 950 °C for | min. We abserve similar spectra in samples where the anneal was carried o g
Q50 °C for 15 min and 950 °C for 4 min, in an N; or N:H; atmosphere. First we note that the
ntensity of 510 amall peak dees not increase, suggesting that licke o no oxygen fraom the
(LAl 020y diffuses and reacts at the Sisubstrate interface, There are 4 very nariow peaks a1
483510, 607, 695720 and &1 1 cm ' indicating a polvervstalline or local crystalline structure.
The 693-720 cm’’ peak is the v vibeation of the octahedral AJO and the mode o0 5100487 o
could be attributed to v mode, According to Saine [11] in the rhembahedral structure we shagld
see another peak at 3635 e’ related 1o the vy mede in a cubic cell while a peakat 511 em™ 1
related 1o the angelar deformation of O-ALCH due 1o phase movements between two octab

dra.
Thas wibration 15 impossible in the A solated structere, Abrashey et al [13] have caloulated
the transverse opticflongiudingl optic (TO/LOD = 4817305 ') peak positions for the v mede.
Mormally, we do not expect to observe LO peaks, since our [R spectra were measured at normal
incidence, However, as shown in Table [ oar annealed samples bave o sigrificant roughness of
several ens of nm, which suggests that the IR beam does not see s fat surface and with such
reughness the beam incidence will be non-normal fer pats of the surface. Under these conditions
the Berreman effect [16] will be active and the LO mode may be excited, Unforunately v iz 100
lovwr i wave number o be visible by our instriment and this dees not help o confirm the
presence af LaAlOycrysial siructure.

| Max height between | Average roughness
| adjacent peals [nm] Tram]

(L, Ady ety as-deposited £ 50 substrate 225112 <

(g Al Oy ann B30 9 T min /51
substrale

(La Al 0y +506N ann 930 °C 1 min/ 51
substrale

sample description

G070 60 15,18

[0 11,27

Table T AFM surface analvsis data for dillerent samples, The words "51 substrate” indicate the
ATM s carmied out on the Siafter the oxide laver bas been removel.

There are other arguments to suggest that these peaks are not related 1o a LaAlD; single phase, 1
one plots the mtensity of the peaks as a function of film thickness. the resultant curve does not go
through zero, which it should if one deals with peaks emanating from the same vibration, The
MNED data presented in Figure 2 demonstrates that the oxide i a crvstalline phase, boe tha ilis
mot that of idealized LaAlO.,




Figure 2. XRD of
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We also identily a broad peak ot <900 cm " that is the beginning of the interfacial reaction

between 50 and La, This interaction has been reported [14] as a vibration of the RE-0-5i bod
{RE = rare-earth) in diffe
1000 °C, e

rent oxides. It is evident that increasing the annealing temperatune to

rF predaomi

en if for | min, results in this peak beco
considerzably. The peak at 808 cm” is less infense,
with the presence of an alumine-silicate structure [17]. We can conclude that 5i starts 1o form
mare La-0-51 but also 5i-Al-Ls
using an SizNg protecting layer as described previoosly, the results are shown in Figure 1h.
When compared with Figure La, it appears that the silicon nitride laver does not suppress the
annealing phenomenon, but it docs temd o Limit i,

The AFM (Table [} and XPS (Figore 3} data further help in the understanding of interfac
i and reaction in the (La, Al )05 /5 svstem. The measurements were can
on the annealed and un

ven if stall important, and we identify this

WIS COnt

caled samples then the oxide was removed and Si surfaces were

analysed. The roughness of the oxide surface is really significant in all samples that
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Figure 3. XPS data of
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reccived a thermal rreatment, but bess imporiant oa that where 5i,N; laver was prown prioe

ted 35 indicating that Si diffosed =
w ture. The xi"\ profile d :
& _\|n1\1\ sion in XPS about the exact loCang
the dielectric/S interface, we clearly evidence l]| in an .ulr-.u...]m. sample, 51 appears

' wned™

0 of

to be present well into the region we call the “dielectnic”, In fact, an anneal o1 950 °C for
minute appears to suffice for Si w [1-. nm e ~ 40 nm. Note that this exceeds by a [actor ~ 2 the

Aess Of !"ll ST "Ik S al does

ot anse from the subsirale. oalv from (e

o an 1__. (-5 associatled

plxon SpoCinm a i
ol v electnc field (1-V nis were camied owt 1o test the
fhxll.-.al quality of the imerface and the oxide, For th VO .hnl 5. as-deposited films we |njk
lower than 14 and the leakage curren) density ~ 10 Adem? for an electric field - - 1 MY cm!
These results are consistent with earlier findings [9]. A hysteresis cffect is also visible and this

csult of annealing

-

does not reduce when moderated annealing, say 400 °C for 30 min in a inert atmosphere, is
employed cven th e moves from -0 Vio-15V
In thee penimChis. we are not surpnsed that is |

axide. The crysiz

flat band volta

0 obtaen 2 hugh k
mileraciinmn s 1 1
underlying 51 has o-c LT 1 In order to employ LaAlOs in a high k application { 2J)imis
necessary to lind a means of depositing (J(.E\I.Il.".l. or erystallized material and o avoid significant
post-deposition annealing a1 high temperatunzs,

f LaAlD, fails 10 appear before siznificant
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